We study the optically pumped nuclear spin polarization in a single GaAs/AlGaAs quantum well in the quantum Hall system. We apply resistive detection via the contact hyperfine interaction, which provides high sensitivity and selectivity, to probe a small amount of polarized nuclear spins in a single well. The properties of the optical nuclear spin polarization are clearly observed. We theoretically discuss the nuclear spin dynamics accompanied with doped electrons to analyze the experimental data. The optical nuclear polarization spectra exhibit electron-spin-resolved lowest Landau level interband transitions. We find that the phonon emission process, which normally assists the optical pumping process, influences the optical nuclear spin polarization. We also discuss that the electron-electron interaction can play an important role in the optical nuclear spin polarization.
I. INTRODUCTION
Optical nuclear polarization accomplishes the signal enhancement of nuclear magnetic resonance (NMR) 1 and also promises to be requisite elements such as the initialization for the nuclear spin quantum information technology. [2] [3] [4] In this method, i.e., optical pumping, the controllability of laser illumination enables us to manipulate the sign and magnitude of the nuclear spin polarization. To implement the quantum information processing, the coherent manipulation of nuclear spins is essential. The coherent nuclear spin operation has been utilized in the conventional NMR technique through the irradiation of the radio frequency (RF) magnetic field. The issue in the conventional method is the low sensitivity for small numbers of nuclear spins due to the small amount of nuclear spin polarization.
Recently, the control of multiple quantum coherences of nuclear spins in a nanometer-scale region has been demonstrated by using resistive detection in the quantum Hall system. 5 This type of microscopic NMR technique, which is performed by the RF irradiation from a miniature antenna, is expected to be a good candidate to implement quantum information processing using nuclear spins as multiple qubits. The resistive detection provides the high sensitivity to observe a small ensemble of nuclear spins. Since the optical pumping enables us to generate various nuclear spin polarizations, the resistively detected NMR in the quantum Hall system combined with the optical nuclear polarization opens up a new possibility of rich quantum information processing. It is important to determine the detailed properties of optical pumping by using resistive detection in the quantum Hall system in order to utilize this combined technique effectively for such processing.
Optical nuclear polarization in a two-dimensional electron system (2DES) was first reported by Barrett et al., where the GaAs/AlGaAs multiple quantum well and the conventional (coil-detection) NMR were used. 6 Although this is a milestone for the optically pumped NMR (OP-NMR) study for the quantum Hall system, a number of questions about the photophysics and spin physics of the optical pumping process were raised. 7 Vitkalov et al. studied the dynamic nuclear polarization pumped by unpolarized light in multiple quantum wells near the Landau level filling factor ν = 1.
8 Moreover, the OPNMR revealed fascinating spin physics in the quantum Hall regimes, such as Skyrmions. [9] [10] [11] Nevertheless, the properties of the optical nuclear polarization in the quantum Hall system have not been fully investigated. Instead of the conventional detection for nuclear spins using a coil, Kukushkin et al. and Davis et al. utilized optical detection to observe the optical nuclear polarization in a single heterojunction. 12, 13 However, optical detection can probe only the local high nuclear polarization, which is different from the observation in conventional coil-detection. Indeed, the obtained nuclear polarizations were much higher than that in Ref. 6 . Thus, the optical polarization of the nuclei interacting with 2DES in the quantum Hall regime has not yet been clearly elucidated.
In this paper, we describe our investigation of the optical nuclear polarization in a single quantum well by using resistive detection. This detection allows us to selectively probe the nuclear spins interacting with the 2DES via the contact hyperfine coupling. Hence, the region carrying the conduction electrons is detected, and the signal is not affected by the nuclei outside the well. This is contrastive to the conventional NMR where all the nuclei in the sample are detected. Unlike in optical detection, the resistively detected signal is not limited to the optically induced local phenomena, even though the current-flowing region is not homogeneous in the well. The signal by the resistive detection is strong enough to be observed from even a single quantum well. In the experiments, we utilized the shift of the resistance peak at ν = 2/3 for the detection of the optical nuclear spin polarization, 14 which enables us to estimate the value of the nuclear magnetic field. We obtain clear data on the properties of the optical nuclear polarization in the quantum Hall regime using this resistive detection. Furthermore, we make a theoretical formulation of the nuclear spin dynamics accompanied with the inherent electrons to analyze the experimental data. We theoretically derive the steady state electron spin polarization in a modulation doped system under optical pumping, which is the source of the nuclear polarization dynamics. The obtained knowledge provides new insights into the optically pumped nuclear spin polarization and is of importance in future quantum information technology.
II. METHODS
The sample is a 30-µm wide and 100-µm long Hall bar, which was processed from a wafer containing a single 18-nm GaAs/Al 0.33 Ga 0.67 As quantum well with one-side δ-doped barrier layer. The electron density n s was controlled by the back gate voltage V bg using a Sidoped n + -GaAs substrate as a gate electrode. The sample was cooled in a cryogen free 3 He refrigerator down to a 320-mK base temperature. The electron mobility was 185 m 2 /(Vs) for n s = 1.2 × 10 15 m −2 after illumination. A mode-locked Ti:sapphire laser (pulse width: ∼ 2 ps, pulse repetition: 76 MHz) was used for the optical pumping. The laser illumination was switched by using an acousto-optic modulator. A laser beam irradiated the whole Hall bar structure (beam diameter: 200 µm) through an optical window on the bottom of the cryostat. The propagation direction of the laser beam was parallel to the external magnetic field B = 7.15 T, which was applied perpendicular to the quantum well.
The measurement procedure was as follows. First, the nuclear polarization was initialized by setting the electronic state to the Skyrmion region (ν = 1.1) by V bg for 80 s to depolarize the nuclear spins. 15 Second, optical pumping was performed at ν ∼ 0.3 for time duration τ pump with the wavelength λ and the average power density P . The laser illumination increased the temperature of the 3 He pot, which was thermally-connected to the sample, up to 380 mK; the illumination also increased the sample resistance. Third, ν was set to 1 for 70 s so that the resistance returned to the value before the illumination, where the relaxation of the nuclear polarization at ν = 1 was the smallest within the available V bg . Finally, we measured the longitudinal resistance R xx by sweeping up V bg around ν = 2/3, using a lock-in technique and a 30-nA sinusoidal current (79 Hz).
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The resistive detection is achieved by the change in the electron Zeeman energy induced by the nuclear polarization via the contact hyperfine interaction. We employed the spin phase transition (SPT) between the polarized and unpolarized phases at ν = 2/3 as the phenomenon sensitive to this change.
14 This SPT occurs at a level crossing point where the composite fermion cyclotron energy E c = c 1 √ B(ν − 1/2) coincides with the Zeeman energy E Z = c 2 (B + B N ). Here, c 1 and c 2 are constants, and B N is the nuclear magnetic field. The preferable phase is an unpolarized and polarized state for E c > E Z and E c < E Z , respectively. Since ν is a linear function of V bg in a fixed magnetic field, the SPT is observed as the R xx peak by sweeping V bg and its position V peak (V bg at the peak) depends on B N . From these, we derive B N = c ∆V peak / √ B, where ∆V peak is defined as the peak shift from V peak with B N = 0 and c is a proportional constant. c was determined from the peak coincidence measurement 14 to be 80.6 V −1 T 3/2 in our sample. Thus, we obtained the nuclear magnetic field B N by optical pumping from a shift of the SPT peak.
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III. THEORY
The cross relaxation between electron spins of the 2DES and nuclear spins is dominated by the fluctuations of the Fermi contact (scalar) hyperfine interaction. 8, 18 Assuming that the optical pumping is homogeneous in the plane parallel to the well (xy-plane), we can describe the temporal evolution of the nuclear spin polarization I z (z, t) along the magnetic field direction (z-direction) as
D is the nuclear spin diffusion constant; T IS (z) is the spatially dependent electron-nuclear cross relaxation time; I z eq is the thermal equilibrium nuclear spin polarization; S (= 1/2) and I are the electron and nuclear spin quantum numbers, respectively; S z is the electron spin polarization; and S z eq is the thermal equilibrium electron spin polarization. The values of I z eq for all nuclear species are less than 1% under the experimental condition, 20 and thus, we can neglect I z eq . Here, we discuss the influence of the spin diffusion on the nuclear polarization in the well. The nuclear spin diffusion is driven by the nuclear magnetic dipole-dipole interaction between the same nuclear species. The value of D in the AlGaAs barrier should be different from that in the GaAs well; Indeed, D ∼ 10 −13 cm 2 /s in GaAs and D ∼ 10 −14 cm 2 /s in Al 0.35 Ga 0.65 As have been reported.
21,22
It has also been reported that nuclear spin diffusion is strongly suppressed at the GaAs/Al 0.33 Ga 0.67 As interface and the effective D in GaAs is 10 −15 cm 2 /s. 23 Furthermore, in Ref. 9, Tycko et al. mentioned that the effective diffusion constant D for the nuclear spin diffusion between the GaAs wells and the Al 0.1 Ga 0.9 As barriers is less than 10 −15 cm 2 /s for the ν-range from 0.6 to 1.8 in the quantum Hall system. Although the Al composition in our sample is 0.33 and the value of D is expected to be smaller than their values, we use D = 10 −15 cm 2 /s to roughly estimate the influence of the nuclear spin diffusion on the nuclear polarization in the well. Since the optical pumping preferentially creates nuclear spin polarization around the center of the well due to the spatial distribution of the electron density along the z-direction, the diffusion of the nuclear polarization to the outside of the well is not crucial for τ pump < (w/2) 2 /D = 810 s, where w is the width of the well. In such a short pumping time, we can neglect the effect of the nuclear spin diffusion and obtain the solution of Eq. (1):
The nuclear magnetic field experienced by the 2D electrons is of the form 21, 24 
where b N is the full polarization nuclear magnetic field, and ρ(z) is the conduction electron density envelope function. In our situation, we sum the contributions to the nuclear magnetic field from three nuclear species. The values of b N for 69 Ga, 71 Ga, and 75 As are −1.37 T, −1.17 T, and −2.79 T, respectively. 25 The negative sign of these values is due to the reduced electron g-factor in GaAs (g * = −0.44 < 0). We note that ρ(z) has large values around the center of the well, and that the same tendency is expected for 1/T IS (z) because the electronnuclear cross relaxation is induced by the contact hyperfine interaction. Therefore, the integration in Eq. (3) is mainly dominated by the contribution from the center of the well. Since the hyperfine coupling constants for three nuclear species are in the same range, we assume the effective nuclear magnetic field takes on the following form:
where A (> 0) is the constant, and T ′ IS is the effective electron-nuclear cross relaxation time. We use this equation (4) in the analysis.
We should incorporate the effect of the doped electrons into S z because they exist in the well under a thermal equilibrium condition without optical pumping. In order to obtain the steady state electron spin polarization in such a situation, we consider the following rate equations for numbers of up (n ↑ ) and down (n ↓ ) spin electrons with optical pumping:
where G is the number of photo-generated electrons per unit time, p ↑ (p ↓ ) is the up (down) spin excitation probability, w ↑↓ (w ↓↑ ) is the transition probability from up (down) to down (up) spins, τ e is the electron lifetime (electron recombination time), and n eq ↑ (n eq ↓ ) is the number of thermal equilibrium up (down) spin electrons. Assuming that w ↑↓ (w ↓↑ ) is the same as that without optical pumping, we obtain the relationship w ↑↓ n eq ↑ = w ↓↑ n eq ↓ . We solve the steady state equations by using this relationship and obtain
= n l n eq + n l
where n eq = n eq ↑ + n eq ↓ is the number of thermal equilibrium electrons, n l = Gτ e is the number of steady state photo-generated electrons, T 1e = 1/(w ↑↓ + w ↓↑ ) is the electron spin-lattice time (electron spin relaxation time), S z 0 = S(p ↑ − p ↓ ) is the initially photo-generated electron spin polarization, and S z eq is the thermal equilibrium electron spin polarization. In the limit of n eq /n l → 0, Eq. (8) becomes the steady state electron spin polarization in the previous study.
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The sign of B N is determined by the factor S z − S z eq (see Eq. (4)). By substituting Eq. (8) in this factor, we obtain
Therefore, S z 0 − S z eq ≡ ∆S z > 0 yields B N < 0 and ∆S z < 0 yields B N > 0. The photo-generated electron spin polarization S z 0 directly corresponds to the light helicity (polarization) based on the optical selection rule, and the thermal equilibrium electron spin polarization S z eq is ν-dependent.
IV. RESULTS AND DISCUSSION
At first, we introduce the electronic transport properties of the sample we used. Figure 1 (a) shows R xx (left axis) and Hall resistance R xy (right axis) as a function of B. The solid and dotted lines indicate the resistances before and after illumination, respectively. In both cases, n s was tuned to ∼ 1 × 10 15 m −2 by V bg . In the solid lines (before illumination), we clearly observe the quantization of R xy (ν = 1, 2) accompanied by the R xx vanishment. The R xx dip appearing at B from 6 T to 7 T originates from ν = 2/3 quantum Hall effect and the peak at B = 6.4 T (indicated by the upward arrow) is due to the SPT as mentioned in Sec. II. This SPT and the relatively high temperature (320 mK) causes no observation of the R xx vanishment and R xy quantization at ν = 2/3, since the peak becomes large and broad with increasing temperature. 26 Once the sample was illuminated, the transport properties somehow changed without any illumination as shown in dotted lines. The quantization values of R xy decreases and R xx no longer vanishes. These changes are due to the parallel conduction, which was created in the modulation doped layer after illumination. 27, 28 Despite the existence of the parallel conduction, we can also observe the SPT from R xx .
29 Figure 1 (b) shows R xx (left axis) and R xy (right axis) as a function of V bg at B = 7.15 T after illumination. The ν = 1 integer quantum Hall effect and the SPT at ν = 2/3 can be observed by changing the electron density at a constant magnetic field. V peak is indicated by the arrow and the value of it is −0.513 V at B = 7.15 T with B N = 0.
Figure 2 (a) shows the SPT peak in V bg -sweep at several constant B-fields with B N = 0 after illumination, where V bg is converted to ν in the horizontal axis and the curves are offset vertically for clarity. The arrows indicate the peak positions. The peak position shifts to the higher ν-side as B is set to the larger value, where the variation of R xx as a function of ν is almost the same except the peak. This behavior makes us identify the peak as arising from the SPT. As explained in Sec. II, the peak position (SPT point) is determined by E c = E Z . While E Z is proportional to B, E c is proportional to √ B. Thus, when B is increased, the SPT occurs at the higher ν-side to satisfy E c = E Z , because E c linearly depends on ν. The middle curve was obtained without optical pumping (i.e., with B N = 0 T). In Fig. 2 (b) , E Z is modified by B N instead of B, and we can observe that the behavior of the peak shift is similar to that in Fig. 2 (a) . It is noted that since B N only modifies E Z and does not affect E c , the peak shift is attributed to the optical nuclear spin polarization and we can measure B N from the peak shift.
As explained in Sec. II, we measured the SPT peak shift with λ, P , and τ pump , and converted it into B N . We obtain the properties of the optical nuclear spin polarization by varying the parameters and repeating the measurement. Figure 3 shows the dependence of B N on the photon energy (laser wavelength λ) for both the σ + and σ − excitations, where P = 1.6 W/cm 2 and τ pump = 150 s. The excitation laser linewidth is ∼1 meV. We observe the clear peaks indicated by (a)-(g). To begin with, we take into consideration Eqs. (4) and (9) in Sec. III. With increasing n l , the magnitude of |B N | increases and saturates at a fixed ∆S z , and thus, the observed spectra should depend on the photon absorption rate. The lowest energy peak (a) for σ − excitation (the peak (b) for σ + excitation) is located at 1.5318 eV (1.5333 eV). In a separate experiment, which was performed by using the same sample under the same conditions, the pho- toluminescence spectra show negatively charged exciton peaks that are relevant to the heavy-hole (HH) states, and the lowest luminescence peak energies are 1.5310 eV and 1.5315 eV for the σ − and σ + polarizations, respectively. In the previous studies, 31-33 the charged exciton and neutral exciton peaks appeared in the absorption spectra, and the charged exciton binding energy is less than 2 meV, which is comparable to the laser linewidth. Therefore, at least, the lowest energy peak (a) for the σ − excitation (peak (b) for σ + excitation) corresponds to an absorption process from the HH band into the lowest electron Landau level (LL 0 ). For (b), we observe the reproducible peak (b') located at 1.5320 eV. There is a possibility that (b') is the charged exciton peak and (b) is the neutral exciton peak. The second lowest energy peak (c) for the σ + excitation (peak (d) for σ − ) corresponds to the transition from the light-hole (LH) band to the LL 0 . Peak (c) is ∼ 4 meV above peak (b) and peak (d) is ∼ 8 meV above peak (a). There is no discrepancy between the energy scale of these peak separations and that from the previous investigation. 31 The difference in the HH (LH) transition between σ + and σ − is the excitation of the electron spin. By taking the optical selection rule into account, we assign the peaks to the transitions as follows. The energy separation of 15 meV between (b) and (e) corresponds to the sum of the electron and HH Landau level splittings, where the Landau energy separation is 12 meV for the electrons and 2.3 meV for the HH when using effective mass m * e = 0.067m e for the electrons and m * hh = 0.35m e for the HH (m e : mass of free electrons). Thus, we interpret that the higher energy peaks (e)-(g) correspond to the absorption processes reflected in the second Landau levels (LL 1 ). However, it is difficult to assign a detailed transition between the electron and hole higher Landau levels. The hole complexity and the Fermi edge singularity 35 give rise to the difficulty of determining an absorption line. Since the relaxation in the higher levels includes the processes without nuclear-spin flip such as the cyclotron emission 36 and the Auger process, 37 these processes diminish the magnitude of the polarization and the subsequent polarization can change the sign due to the electron-spin flip in these processes. The negative nuclear magnetic field observed below 1.531 eV indicated by the arrow in Fig. 3 for both σ + and σ − excitation is not fully understood. The localized electrons trapped by impurities may account for this helicity independent behavior.
In the following, we focus on the lowest energy transition (HH =⇒ LL 0 ) at λ = 808.8 nm (1.5329 eV ) indicated by the broken line in Fig. 3 and investigate the properties of the optical nuclear polarization in the quantum Hall regime. Figure 4 shows the dependence of B N on the laser power P for various values of τ pump with σ + light. With increasing P , the nuclear polarization sharply increases within the low P range and gradually decreases above P = 0.8 W/cm 2 . This behavior is almost independent of the illumination time. In Eq. (9), the prefactor n l /(n eq +n l ) increases and saturates as P increases, since n l is proportional to P . However, this does not completely account for the experimentally observed behavior of B N since n l is usually much less than n eq . Indeed, the rough estimation gives n l = 1 × 10 12 m −2 ≪ n eq = 5 × 10 14 m −2 , where P = 3 W/cm 2 , the absorption coefficient α = 0.01, 35 τ e = 1 ns, 38 λ = 808.8 nm, ν = 0.3, and B = 7.15 T. In such a range of n l (or P ), B N is proportional to P , which explains only the initial increase in B N shown in Fig. 4 . We, therefore, take into consideration the other part ( S z 0 − S z eq )/(1 + τ e /T 1e ) in Eq. (9) to explain the observed gradual decrease.
When the nuclear spins are polarized by the optical pumping, the energy difference between the electron and nuclear spins is usually compensated for by phonons. In a simple picture, the electron relaxation from the upper to lower Zeeman levels induces the nuclear polarization. This process is accompanied by the phonon emission, and thus, causes the electron temperature to increase with increasing P . First, we consider the factor S z 0 − S z eq (= ∆S z ). The value of S z eq is reported to be around 0.45 at ν ∼ 0. 3, 34, 39 where optical pumping was performed in our experiments. With increasing electron temperature, S z eq decreases to zero, and ∆S z (= S z 0 − S z eq ) varies from −0.95 to −0.5, where S z 0 = −1/2 for the σ + excitation. Second, we consider the factor 1/(1 + τ e /T 1e ). In Ref. 40 , the temperature dependence of the electron spin relaxation in high magnetic field was investigated and the ratio τ e /T 1e increased with increasing temperature. From this fact, we expect that 1/(1+τ e /T 1e ) decreases with the increase in temperature. Thus, when the heating power due to the phonon emission is larger than the cooling power of the cryostat, the change in ( S z 0 − S z eq )/(1 + τ e /T 1e ) is crucial for the nuclear spin polarization. 41 We conclude that the suppression and decrease in B N in Fig. 4 is caused by the high rate of phonon emission.
To further confirm the influence of the phonon emission, we measure the optical nuclear polarization with σ − excitation, because σ − light creates electrons in the lowest energy level (the lower Zeeman level) and the phonon emission process is not expected to polarize the nuclear spins. The inset in Fig. 4 shows the dependence of B N on P for τ pump = 150 s with σ − light. The magnitude of |B N | almost linearly increases. Thus, the variation in B N is dominated by n l . The deviation from the linear function is understood due to the laser heating that increased the temperature of the 3 He pot (the entire system). Therefore, the temperature increase we considered for the σ + illumination is qualitatively different from the laser heating effect in σ − illumination. We here discuss how nuclear spins are polarized with σ − illumination. In a simple picture, in order to polarize nuclear spins, the electron-spin flip should occur from the lower to upper Zeeman levels, which requires excitation energy. Since the Zeeman energy gap corresponds to around 2 K and the temperature is less than 380 mK in our experiments, the thermal excitation probability of electrons should be quite low. However, surprisingly, we observed a negative B N , which implies that there is another energy source in this process. The excitation energy can be provided by the electron-electron interaction. In our experiments, the Coulomb energy is not negligible compared with the Zeeman energy. 42 In such a case, even when only the lowest level (LL 0 with up spin) is occupied by electrons (ν < 1), the electron spin polarization does not always achieve a full polarization due to the electron-electron interaction. 34, 39 This means that the electron-electron interaction can flip the electron spin. In our analysis, we already included the effect of the electron-electron interaction through the value of S z eq ∼ 0.45. When we choose S z eq = 1/2 in a single particle picture, we obtain B N = 0 in the σ − excitation from Eqs. (4) and (9) , that is, the nuclear spins cannot be polarized. Therefore, the electron-electron interaction can play an important role in optical nuclear spin polarization. Figure 5 shows the dependence of B N on τ pump for vari-ous P values with σ + light. We fitted the data to Eq. (4) and we obtain an effective electron-nuclear cross relaxation time T We find that the effective electron-nuclear cross relaxation rate 1/T ′ IS depends on P , which is indicated in the inset in Fig. 5 . When P increases above 0.8 W/cm 2 , the electron temperature is expected to increase, as described in the explanation for Fig. 4 . In this situation, if the lattice temperature also increases, the phonon emission rate is large. Since the phonon emission process is required to polarize nuclear spins in the σ + excitation, the large phonon emission rate results in a large electron-nuclear cross relaxation rate. This can account for the behavior in the inset.
Another possibility for the change in T ′ IS is the nuclear spin diffusion effect. Although the NMR frequencies in the well are lower than that in the barriers due to the Knight shift, the laser irradiation forces the frequencies in the well to shift to the higher side because S z eq decreases with increasing P as mentioned above. The NMR spectrum in the well overlaps that in the barriers during illumination. Therefore, the energy matching enhances the spin flip-flop process in the nuclear magnetic dipoledipole coupling between the well and the barriers, and the nuclear spin diffusion is thus accelerated. This acceleration may not allow us to neglect the nuclear spin diffusion effect, and the value of T ′ IS can be underestimated by neglecting the diffusion term in Eq. (1).
V. CONCLUSION
We investigated the optically pumped nuclear spin polarization in a single GaAs/AlGaAs quantum well by using resistive detection. This detection method provides the high sensitivity and selectivity of nuclear spins in the well, and thus, we clearly observed the optical nuclear polarization spectra for σ + and σ − excitations and the dependences of the optical nuclear polarization on the laser power and pumping time. We constructed a theoretical formulation, including the steady state electron spin polarization for the modulation doped system under optical pumping, to describe the nuclear magnetic field induced by optical pumping in the quantum Hall system. The optical nuclear polarization spectra directly reflect the absorption spectra, and the sign of the nuclear magnetic field coincides with the electron spin state within the lowest Landau level interband transitions. This makes it possible to apply spectroscopy mediated by optical nuclear polarization as a novel method for electron-spinresolved spectroscopy. We found that the phonon emission process, which usually assists the nuclear polarization due to the energy conservation, influences the magnitude of the optical nuclear polarization through an increase in temperature. We also discussed that the optical nuclear polarization by pumping the lowest energy level can be accomplished by the electron-electron interaction. The observation of the change in the electronnuclear cross relaxation rate under optical pumping provides the possibility to further control the nuclear spin polarization by tuning the pumping time and intensity profile for laser illumination.
The information about the optical nuclear polarization we presented here will be valuable when applying the conventional, optically detected, and resistively detected NMR to a small ensemble of the nuclear spins in microscopic samples and various materials. Furthermore, since nuclear spins in the semiconductor system are good candidates for qubits in solid-state quantum information technology, the effective manipulation of the nuclear spins that is based on the detailed mechanism of the optical nuclear polarization leads to rich quantum information processing.
